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Engrailed and Hox homeodomain proteins contain a
related Pbx interaction motif that recognizes a
common structure present in Pbx
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Hox gene products have the ability to interact with
either extradenticle or pbx gene products to bind
cooperatively to DNA. The region in Hox proteins that
is required for this interaction is located N-terminal of
the homeodomain and contains a highly conserved
hexapeptide. We now show that the engrailed gene
products also contain a Pbx interaction motif positioned
within a previously conserved region, the EH2 domain.
The EH2 domain is located N-terminal of the homeo-
domain. Two tryptophan residues present in the Droso-
phila and murine Engrailed EH2 domain are required
for cooperativity with extradenticle and Pbx, respect-
ively. A second conserved domain, EH3, is required as
well for cooperativity with Pbx, since deletions or
an insertion in this region reduce cooperative DNA
binding. Peptides containing the Pbx interaction motif
of either Engrailed or Hox are capable of destabilizing
Engrailed-Pbx and Hox-Pbx cooperative DNA bind-
ing. These data indicate that the Pbx interaction motifs
present in Hox and engrailed gene products recognize
a common structure present in the Pbx family of
homeodomain proteins.
Keywords: cooperative DNA binding/Engrailed/
homeodomain proteins/Hox/Pbx

Introduction
Homeotic selector proteins are part of a vast transcriptional
network involved in the formation of body structures
during embryogenesis in a wide variety of organisms
(McGinnis and Krumlauf, 1992; Krumlauf, 1994). The
homeotic proteins all contain a 60 amino acid region
called a homeodomain, which is formed by a flexible
N-terminal arm followed by three a-helices and directs
binding to A/T-rich DNA sequences (Laughon and Scott,
1984; Desplan et al., 1988). During development of
Drosphila melanogaster, the characteristic morphology of
each of the body segments is dictated by expression of
the genes of the HOM cluster along the anterior-posterior
axis (McGinnis and Krumlauf, 1992). In vertebrates, the
hox genes are located in four clusters in the same order
as they are expressed along the anterior-posterior axis
of the developing organism (Duboule and Dolle, 1989;
Wilkinson et al., 1989; Krumlauf, 1994; Lawrence and
Morata, 1994).

Although homeodomain proteins have distinct in vivo
functions, they bind to similar DNA sequences in vitro
(Desplan et al., 1988; Hoey and Levine, 1988). To account
for the biological specificity, it has been proposed that other
proteins enhance the DNA binding specificity (Kuziora and
McGinnis, 1989; Gibson et al., 1990; Lin and McGinnis,
1992; Chan and Mann, 1993; Zeng et al., 1993). One
such co-factor, designated extradenticle (exd), has been
identified recently (Flegel et al., 1993; Rauskolb et al.,
1993). Through genetic analysis, exd has been shown to
act in concert with other homeotic proteins to regulate
common downstream target genes, for example decapenta-
plegic (dpp) (Peifer and Wieschaus, 1990). dpp is posit-
ively regulated by both exd and the homeotic gene product
Ubx (Rauskolb and Wieschaus, 1994). In addition to
acting in parallel with homeotic proteins, exd modulates
the activity of the homeodomain protein Engrailed (Peifer
and Wieschaus, 1990).
The genetic data describing a synergy between the

homeotic gene products and exd recently have been
supported by in vitro binding assays, which provided a
biochemical rationale: cooperative DNA binding. Using
binding sites derived from the dpp enhancer as well as
synthetic templates, exd was demonstrated to have the
ability to interact cooperatively with Ubx, abd-A and
Engrailed (Chan et al., 1994; van Dijk and Murre, 1994).
The studies using Drosophila exd proteins have been

extended employing mammalian homologs. Three highly
conserved homologs, designated pbxl, pbx2 and pbx3,
have been identified in the murine and human genome
(Monica et al., 1991). pbxl was first characterized from
the t(1; 19) translocation product frequently found in
pediatric pre B-cell leukemia (Kamps et al., 1990; Nourse
et al., 1990). pbx2 and pbx3 are closely related to pbxl
in 90% of their coding sequence. All three proteins
are widely expressed and contain a rather divergent
homeodomain (Monica et al., 1991). Not only are the
amino acid sequences of the Pbx proteins closely related
to exd, but they also have the ability to modulate the
binding activity of the mammalian Hox and engrailed
gene products to synthetic binding sites (Chang et al.,
1995; Knoepfler and Kamps, 1995; Lu et al., 1995; Phelan
et al., 1995; van Dijk et al., 1995). Furthermore, Pbx
proteins have been shown to interact with Hoxb- 1 to bind
cooperatively to binding sites present in the Hoxb- 1
promoter (Popperl et al., 1995).
The domains required for interaction of several Hox

proteins with Pbx have been identified recently. A highly
conserved hexapeptide sequence present in Hox proteins,
separated by a linker region from the N-terminus of the
homeodomain, is required for cooperative DNA binding
with Pbx 1 and Pbx2 (Chang et al., 1995; Johnson et al.,
1995; Knoepfler and Kamps, 1995; Neuteboom et al.,
1995; Phelan et al., 1995). In addition, the homeodomain

K Oxford University Press 3385



L.T.C.Peltenburg and C.Murre

seems to be required as well, since fusions to other
homeodomains are not functional in cooperative binding
(Neuteboom et al., 1995; Peers et al., 1995). Whereas
the molecular requirements of Hox-Pbx interactions are
relatively well understood, the interaction domains present
in Engrailed have not yet been identified. We show here
that a conserved region located in close proximity to the
Engrailed homeodomain, designated EH2, is crucial for
cooperative DNA binding with Pbx and exd. This region
is related to the hexapeptide present in Hox proteins in
that it shares a number of residues: proline, tyrosine and
tryptophan. Amino acid substitutions of the tryptophans
in mammalian and Drosophila Engrailed abolish cooper-
ativity with both Pbx and exd. A highly conserved linker
region, separating the EH2 domain from the homeodomain,
is important as well.

Interestingly, a synthetic peptide centered by the con-
served tryptophans is capable of destabilizing both
Engrailed-Pbx and Hox-Pbx cooperative binding.
Similarly, a Hoxb-7 synthetic peptide that includes the
hexapeptide has the ability to abolish these cooperative
heterocomplexes. These data support a model in which
Hox and Engrailed proteins use overlapping interaction
surfaces on Pbx in order to bind DNA cooperatively.

Results
The N- and C-termini of En-2 are not required for
cooperative DNA binding with Pbx
Recently, we showed that the Drosophila protein exd has
the ability to modulate the DNA binding activity of the
Engrailed protein, en (van Dijk and Murre, 1994). Their
mammalian homologs Pbx and En-2 are also capable of
cooperative DNA binding (van Dijk et al., 1995), indicat-
ing that the interaction domains involved have been
conserved during evolution. Analysis of the cross-species
conservation among En genes of vertebates and inverte-
brates displayed five regions of high amino acid conserv-

ation, designated EH1-EH5, most of which are

surrounding the Engrailed homeodomain (Logan et al.,
1992) (Figure lA).
To study the involvement of the homeodomain-flanking

regions EHI, EH2, EH3 and EH5 in cooperative DNA
binding with Pbx family members, we constructed com-
bined N- and C-terminal deletions of the murine En-2
coding region (Figure iB). These homeodomain-con-
taining products were in vitro transcribed and translated
using reticulocyte lysate and analyzed by electrophoretic
mobility shift assays (EMSA). To examine cooperative
interactions, we used a probe that was shown previously
to allow cooperative binding of En-2-Pbx, 5'-GTCAAT-
TAAATGATCAATCAATTTCG-3' (van Dijk et al., 1995).
Whereas DNA binding by full-length En-2 by itself is
almost undetectable, its truncated versions lacking the N-
and C-terminal regions show increased DNA binding,
possibly due to the relief of a masking effect of one or

both terminal domains (Figure iB, lanes 2-4).
Since cooperative complexes might be obscured by

bands generated by the unprogramed reticulocyte lysate
itself (Figure iB, lane 1), we made use of Flag-tagged
versions of the Pbxl, Pbx2 and Pbx3 proteins. By incubat-
ing with an anti-Flag antibody, the Pbx-containing super-

shifted complexes can be discriminated more easily from
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Fig. 1. En-2 conserved domains EH2-4 are sufficient for cooperative
DNA binding with Pbx proteins. (A) Schematic representation of the
Engrailed protein. Approximate locations of the conserved domains
EH 1, 2, 3, 4 and 5 are indicated. Sequences of EH2, EH3 and the four
N-terminal residues of the homeodomain (EH4) of some Engrailed
proteins are given below (Logan et al., 1992; Biurglin, 1994). Dashes
depict residues identical to the corresponding residue in Drosophila en,
a dot represents absence of the residue. (B) Two p1 of the indicated
translated proteins were pre-incubated with probe 5'-GTCAATT-
AAATGATCAATCAATTTCG-3' and, if applicable, incubated with
1 g1 of anti-Flag antibody (atFlag). A schematic representation of the
En-2 truncations used is given below. The results were analyzed by
EMSA. The lane labeled 'retic' represents incubation of 4 ,ul of the
unprogramed reticulocyte lysate only. On the right, specific complexes
are indicated with a dark square or bracket; ss indicates the
supershifted complexes; fp the free probe, and complexes formed by
unprogramed lysate are indicated with an open diamond.

the background reactivity. In the absence of En-2, weak
DNA binding of Pbxl and Pbx2 (Figure IB, lanes 5, 6,
13 and 14) and stronger binding of Pbx3 (Figure IB, lanes
21 and 22) can be detected. In the presence of full-length
En-2, the DNA binding activity is increased and new

complexes with slower mobility are formed (Figure IB,
lanes 7, 8, 15, 16, 23 and 24). These data demonstrate
that Pbx3, like its family members Pbxl and Pbx2 and
exd, shows cooperativity with Engrailed proteins. Deletion
of the En-2 N- and C-terminal regions, encompassing
EHI and EH5, does not affect cooperative binding with
all three Pbx proteins (Figure iB, lanes 9, 10, 17, 18, 25
and 26), indicating that EHI and EH5 are not required
for cooperative DNA binding. Removal of the region
containing EH2 and the homeodomain-flanking region
EH3 leads to a complete loss of cooperative DNA binding
(Figure iB, lanes 11, 12, 19, 20, 27 and 28). These results
indicate that the region containing EH2 and EH3 is
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Fig. 2. Mutations in the N-terminal region of EH2 abrogate
cooperative binding with Pbx proteins. (A) Schematic representation of
the mutations generated in full-length murine En-2 and Drosophila en.

The sequence of EH2 only is given. Dashes indicate residues identical
to the wild-type (wt) sequence. (B) SDS-gel electrophoresis of
[35S]methionine-labeled representative samples of in vitro translation
reactions of wt and mutant murine En-2 proteins, as indicated.
Migration of a protein size marker is depicted in kilodaltons on the
right. (C) Two gl of each of the indicated in vitro translated proteins
were incubated with probe 5'-GTCAATTAAATGATCAATCAATT-
TCG-3' and analyzed by EMSA. The lane marked 'retic' represents
incubation of 4 11 of the unprogramed reticulocyte lysate only.
Specific complexes are indicated on the right with a dark square or

bracket; complexes formed by unprogramed lysate are indicated with
an open diamond and fp indicates the free probe.

indispensable for cooperative interactions involving Pbx
and En-2.

The N-terminal region of EH2 is required for
cooperativity with Pbx
We and others demonstrated previously that several Hox
homeobox proteins bind cooperatively with Pbx proteins
to DNA (Chang et al., 1995; Lu et al., 1995; Phelan et al.,
1995; van Dijk et al., 1995). In Hox proteins, a highly
conserved hexapeptide and the region connecting this
motif to the homeodomain are required for cooperative
interactions with Pbxl and Pbx2 (Chang et al., 1995;
Johnson et al., 1995; Knoepfler and Kamps, 1995;
Neuteboom et al., 1995; Phelan et al., 1995). Comparisons
of the hexapeptide sequences of several Hox proteins
capable of cooperative binding with Pbx reveal some
amino acid similarities with the N-terminal portion of
Engrailed EH2. It contains proline, tryptophan and tyrosine
residues. Mutation analysis of Hoxb-8 indicated that, of
these, the tryptophan and tyrosine are key to cooperative
interaction (Neuteboom et al., 1995). To study whether
the two Engrailed tryptophans are required, we mutated
in En-2 either one or both of these residues to lysines
(Figure 2A). The in vitro transcribed and translated
products were analyzed by SDS-gel electrophoresis
(Figure 2B). Wild-type and mutant proteins were translated

Fig. 3. The requirement for the EH2 domain is conserved in the
Drosophila Engrailed protein. (A) SDS-gel electrophoresis of
[35S]methionine-labeled representative samples of in vitro translation
reactions of wt and mutant Drosophila en proteins, as indicated.
Migration of a protein size marker is depicted in kilodaltons on the
right. (B) Two 11 of each of the indicated in vitro translated proteins
were incubated with probe 5'-GTCAATTAAATGATCAATCAATT-
TCG-3' and analyzed by EMSA. Dark squares and brackets indicate
specific complexes; fp indicates free probe and the open diamonds
mark complexes formed by unprogramed lysate.

with similar efficiency and examined for their ability to
cooperate with Pbx proteins in DNA binding by EMSA.
As for the wild-type En-2 protein, DNA binding of the
proteins in the absence of Pbx is hardly detectable (Figure
2C, lanes 2-5). Cooperativity with all three Pbx proteins
is affected greatly by mutation of the first tryptophan
residue of EH2 (Figure 2C, lanes 8, 13 and 18). Mutation
of the second tryptophan or both tryptophan residues leads
to a complete loss of En-2-Pbx complexes (Figure 2C,
lanes 9, 10, 14, 15, 19 and 20). These data show that the
N-terminal region of the conserved EH2 domain is essen-
tial for cooperative DNA binding of En-2 with Pbx and
that, as in Hox gene products, tryptophan residues play a
crucial role.

Evolutionary conserved residues are involved in
cooperativity of extradenticle and Engrailed
The amino acid sequence of murine EH2 is completely
identical to the EH2 domain of Drosophila Engrailed
(Logan et al., 1992) (Figure IA). Previously, we showed
that the Drosophila homologs of En-2 and Pbx, en and
exd, are capable of cooperative DNA binding (van Dijk
and Murre, 1994). To determine whether similar residues
are involved in interactions of the mammalian and Droso-
phila proteins, the second tryptophan in the Drosophila
EH2 domain was mutated to a lysine (Figure 2A). The
translated products were analyzed by SDS-gel electro-
phoresis and subjected to EMSA in the presence and
absence of in vitro translated exd. Wild-type and mutant
proteins were translated with approximately the same
efficiency (Figure 3A). Whereas DNA binding by either
en or exd is undetectable (Figure 3B, lanes 1-3), a strong
cooperative complex is seen when wild-type en and exd
are incubated together (Figure 3B, lane 4). The mutated
en product is completely devoid of cooperative DNA
binding (Figure 3B, lane 5), indicating that Drosophila
and mammalian proteins use identical residues to mediate
Engrailed-Pbx interactions.
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Fig. 4. Conserved domain EH3 is required for optimal cooperativity of Pbx and En-2 DNA binding. (A) Schematic representation of the used
deletion and fusion proteins. The sequences of domain EH2, EH3 and the four N-terminal amino acids of EH4 are given. The translated protein del
11 lacks region EH3 completely, in del 6 the N-terminal six amino acids of EH3 have been removed. The plus 10 protein has an insertion of 10
residues derived from the linker peptide of the Drosophila abd-A protein between the sixth and seventh amino acid of EH3. (B) Two ,l of the
in vitro translated proteins were incubated with probe 5'-GTCAATTAAATGATCAATCAATTTCG-3' in the presence or absence of 1 ,l of anti-Flag
antibody, as indicated, and analyzed by EMSA. Specific complexes are indicated on the right with a dark square or bracket; ss indicates the
supershifted complexes, fp free probe, and complexes formed by unprogramed lysate are indicated with an open diamond.

The EH3 domain is required for interaction with
Pbx
Previously, we demonstrated that the linker region present
in Hox proteins is important for interaction with Pbx
(Neuteboom et al., 1995). The location of the Hox
hexapeptide with respect to the homeodomain is similar
to the location of the EH2 domain in Engrailed proteins.
To establish a role for the EH3 domain as a linker region,
we engineered coding regions lacking the N-terminal six
residues or all 11 amino acids of domain EH3, as well as
a product with an insertion of 10 amino acids derived
from the linker peptide of the Drosophila abd-A protein
(Figure 4A). In vitro transcribed and translated proteins
were incubated in the presence and absence of Flag-tagged
Pbxl, Pbx2 or Pbx3 and analyzed by EMSA. In the
absence of Pbx, the truncated En-2 proteins show consider-
able DNA binding activity (Figure 4B, lanes 1-4). Incuba-
tion of EH2-4 with either Pbxl, 2 or 3 again results in
complexes with slower mobility (Figure 4B, lanes 7, 8,
17, 18, 27 and 28), but co-incubations of Pbx proteins
with the deletion products del 11 or del 6 do not show
any cooperative complexes (Figure 4B, lanes 9-12, 19-
22 and 29-32). Insertion of 11 residues in the middle of
the EH3 domain affects the cooperative binding of Pbx
and EH2-4, but some cooperative binding is still observed
(Figure 4B, lanes 13, 14, 23, 24, 33 and 34). These results

indicate that the EH3 domain is required for cooperative
binding of Pbx and En-2, and suggest that the length of
the amino acid stretch between EH2 and the homeodomain
is critical for optimal cooperativity.

En-2 and Hox peptides spanning the Pbx
interaction domains compete for cooperative
complexes
The results described above indicate that a tryptophan-
containing domain present in EH2 is required for
cooperative DNA binding with Pbx. A related motif
present in Hox proteins, called the hexapeptide, previously
has been shown to be necessary for interaction with Pbx.
These data raise the question of whether the tryptophans
in EH2 and in the Hox hexapeptide recognize identical
residues in Pbx. To resolve this issue, we synthesized a
23 amino acid En-2 peptide, centered by the second
tryptophan (TLGAQPMLWPAWVYCTRYSDRPS, Figure
5A), and a corresponding mutant peptide (TLGAQPM-
LKPAKVYCTRYSDRPS).
A mixture of in vitro translated full-length En-2 and

Pbxl was incubated with increasing concentrations (5-
20 ,uM) of the peptides to allow competition of cooperative
complexes. After the addition of the labeled DNA probe
containing Pbx and Engrailed recognition sites, the reac-
tions were analyzed by EMSA. In the absence of peptide,
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Fig. 5. Peptides spanning the En-2 and Hox interaction domains can cross-compete cooperative Pbx complexes. (A) Amino acid sequences of the
synthesized wt and mutant peptides, as indicated. The Hox hexapeptide sequences are indicated by the lower box and the corresponding En-2 region
by the upper box. The generated mutations are shown in bold. (B) Mixtures of 1 gl of in vitro translated Pbxl and 1 gl of En-2 or 0.5 jl of Hoxb-7,
as indicated, were pre-incubated with the indicated micromolar amounts of peptide. Thirty minutes after addition of labeled probe 5'-GTCAATTAA-
ATGATCAATCAATITCG-3' for En-2-Pbx or 5'-GTCAATTAAATGCGCATCAATCAATTTCG-3' for Hoxb-7-Pbx, the products were analyzed by
EMSA. (C) Mixtures of 1 gl of in vitro translated Pbx1 and 1 of En-2 or 0.5 gl of Hoxb-7 were incubated with the different peptides, as

indicated, and analyzed by EMSA as in (B). (D) Mixtures of 1 gl of in vitro translated Pbx and 0.5 gl of Hoxb-7 were pre-incubated with different
micromolar concentrations of the b-7, c-6 and b-3 peptides, as indicated, incubated with probe 5'-GTCAATTAAATGCGCATCAATCAATTTCG-3'
and analyzed by EMSA as in (B). (E) The quantities of the specific Hoxb-7-Pbxl complexes of the EMSA of (D), as determined by
Phosphorlmager analysis (Molecular Dynamics, Sunnyvale, CA), are plotted as a function of the peptide concentration. Symbols are indicated in the
figure. (F) Mixtures of 1 of in vitro translated Pbxl and 0.5 gl of Hoxc-6 were pre-incubated with the indicated micromolar amounts of peptide.
Thirty minutes after addition of labeled probe 5'-GTCAATTAAATGCGCATCAATCAATrTCG-3', the products were analyzed by EMSA.
(G) Quantitative representation of the results EMSA of (F), with on the x-axis the concentration of the used peptides and on the y-axis the
radioactivity of the specific Hoxc-6-Pbxl complex, as determined by Phosphorlmager analysis. Symbols are indicated in the figure. The dark squares
and bracket indicate specific complexes, fp indicates the free probe and the open diamonds mark complexes formed by unprogramed lysate.

the En-2-Pbx heterocomplex binds strongly, but the addi-

tion of En-2 wild-type peptide leads to competition for
En-2-Pbx complexes (Figure 5B, lanes 1-5). To determine
whether destabilization of the complex requires the con-

served tryptophans, we incubated the mixture of En-2 and
Pbxl with the mutant En-2 peptide. Consistent with
the previous results (Figure 2), this peptide could not
destabilize the cooperative complex (Figure 5B, lanes 6-
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9), indicating that the competition is specific for the
wild-type EH2 domain. These data show that a peptide
containing part of the EH2 domain is by itself capable of
interaction with Pbxl.
To determine whether Hox proteins were similarly able

to interact with Pbx, we synthesized a Hoxb-7 peptide
spanning the hexapeptide (LAAESNFRIYPWMRSSGT-
DRKRG, Figure 5A) and a Hoxb-7 mutant peptide in
which a tryptophan has been mutated (LAAESNFRIYPY-
MRSSGTDRKRG). These peptides were tested for compe-
tion of the Hoxb-7-Pbxl complex. The Hoxb-7 peptide
competes efficiently (Figure SB, lanes 10-14), whereas
the Hoxb-7 mutant peptide (Figure 5B, lanes 15-18) does
not compete significantly.
To analyze whether the En-2 and Hox peptides can cross-

compete the Hoxb-7-Pbxl and En-2-Pbx 1 complexes,
respectively, mixtures of the appropriate in vitro translated
proteins were incubated with increasing concentrations of
En-2 or Hox peptides. The EMSA of the resulting com-
plexes demonstrates that the En-2 wild-type peptide
weakly, but significantly, competes for the Hoxb-7-Pbx 1
complex, whereas its mutant peptide does not affect the
cooperative complex at these concentrations (Figure SC,
lanes 1-5 and 6-9). The Hoxb-7 peptide shows substantial
competition for the En-2 complex with Pbx, in contrast
to its mutant counterpart (Figure SC, lanes 10-14 and 15-
18). These data suggest that EH2 and the Hox hexapeptide
domain share, at least in part, an interaction surface on Pbx.
The sequences of the Hoxc-6 and Hoxb-3 hexapeptides

are closely related to that of Hoxb-7 (Figure SA), and
both proteins can cooperate in DNA binding with Pbx.
To determine whether the c-6 and b-3 peptides also
have the ability to destabilize Hox-Pbxl complexes, we
incubated Hoxb-7-Pbxl complexes with these peptides.
The c-6 and b-3 peptides showed only weak competition
of the Hoxb-7-Pbx complex at concentrations ranging
from S to 20 ,uM. To determine if the weaker competition
by the c-6 and b-3 peptides is due to a lower affinity for
Pbx, mixtures of Pbxl with either Hoxb-7 or Hoxc-6
proteins were incubated with larger amounts of c-6 or b-3
peptides. Both c-6 and b-3 peptides can reach the same
level of competition as the b-7 peptide, but at 5- to 2.5-
fold higher concentrations, respectively (Figure SD-G).
Thus, as expected, the hexapeptide regions of several
different Hox proteins interact with Pbx, albeit with
different affinities.

Pbxl
LiM peptide

b-7 wt

+ 4- + + +
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1 2 ?3 4 5

Fig. 6. Hox peptides, but not the En-2 peptide, can stabilize DNA
binding of Pbxl. Each reaction contained 1 g1 of in vitro translated
Pbxl incubated with increasing amounts of the b-7 wt, b-7 W»Y, c-6,
b-3, En-2 wt and En-2 WW»KK peptides, as indicated on the left.
Thirty minutes after addition of probe 5'-GTCAATTAAATGCGCAT-
CAATCAATTTCG-3', the products were analyzed by EMSA. The
lower complex co-migrates with monomers of Pbxl, as indicated by a
square, and the upper complex with Pbx 1 homodimers bound to the
probe, as indicated by a double square.

Hox peptides can stabilize intrinsic DNA binding
activity of Pbx
Interestingly, the addition of Hoxb-7 peptide induces a
new binding complex with faster mobility as compared
with the Hoxb-7-Pbxl heterodimer (Figure SB and C).
En-2 and both mutant peptides do not induce this complex
(Figure SB and C). The mobility of this complex is similar
to that of Pbxl complexed to DNA. EMSAs with Flag-
tagged Pbxl and anti-Flag antibodies indicated that these
complexes indeed represent Pbxl by itself bound to the
probe (our unpublished data). To determine if this induction
of DNA binding is seen in the absence of Hox or
En-2 proteins, similar experiments with Pbxl alone were
performed. At a relatively low concentration of S gM, the
b-7 peptide can stabilize the binding of Pbxl monomers
and homodimers to the DNA, and the amount of complexed

Pbx 1 increases further with higher concentrations (Figure
6, upper panel). The b-7 peptide containing a tryptophan
substitution was not capable of inducing Pbx binding
activity, even at concentrations of 20 ,uM (Figure 6, second
panel). Thus, the Hoxb-7 hexapeptide region by itself can
modulate the DNA binding activity of Pbxl. In addition
to b-7, both c-6 and b-3 peptides have the ability to
enhance Pbxl binding activity, albeit less effectively
(Figure 6, third and fourth panel, and Figure SD and F).
Whereas the Hox peptides are all capable of inducing the
binding activity of Pbxl, the En-2 peptide containing the
tryptophan motif and its mutant counterpart do not have
this property (Figure 6). Together, these results show that
protein fragments comprising a Hox hexapeptide, but not
the Engrailed interaction motif in EH2, are capable of
enhancing the intrinsic DNA binding of Pbxl.
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Discussion
A family of homeodomain proteins, containing the Droso-
phila gene product extradenticle and three mammalian
proteins Pbxl, Pbx2 and Pbx3, has emerged recently. The
Pbx class of proteins function as co-factors, which have
little intrinsic DNA binding activity by themselves, but
bind cooperatively to DNA with other families of homeo-
domain proteins. The other families include members of
the Drosophila and vertebrate hox gene clusters (Chan
et al., 1994; van Dijk and Murre, 1994), an orphan
homeodomain protein, designated STF-1 (Peers et al.,
1995) and members of the Engrailed family (van Dijk and
Murre, 1994). The motif present in the Hox and orphan
homeodomain proteins that is required for interaction with
the Pbx members has been shown to contain a conserved
hexapeptide (Chang et al., 1995; Johnson et al., 1995;
Knoepfler and Kamps, 1995; Neuteboom et al., 1995;
Peers et al., 1995; Phelan et al., 1995). We have now
extended those studies for Engrailed proteins. In Engrailed,
the EH2 domain, shown to be conserved in all members
and related but clearly distinct from the hexapeptide
(Logan et al., 1992), is required for cooperativity involving
Pbx or extradenticle. Substitution of the conserved trypto-
phans in both murine and Drosophila Engrailed abolishes
cooperativity. The amino acid sequence joining the EH2
domain to the homeodomain had been defined previously
as the EH3 domain, again based on the extensive conserv-
ation of its residues (Logan et al., 1992). Like the Hox
and STF-1 linker peptide, EH3 does not tolerate gross
deletions or insertions. We propose that the EH3 domain
functions as a linker region similar to the linker peptide
present in the Hox proteins and in the orphan homeodomain
protein, STF-1 (Peers et al., 1995).

Synthetic peptides, containing either the Hox or
Engrailed Pbx interaction motifs, can destabilize both
Hox-Pbx and Engrailed-Pbx cooperativity. Thus, both
motifs have the ability to disrupt Pbx complexes that
contain a heterologous partner. We speculate that Hox and
Engrailed proteins interact with a common surface present
in Pbx. Although peptides containing the Pbx interaction
motif are capable of destabilizing heterologous complexes,
it is evident that the peptides destabilize homologous
cooperativity more efficiently than heterologous cooper-
ativity. The most simple interpretation of this result is that
the Engrailed and Hoxb-7 Pbx interaction motifs interact
with a common structure present in Pbx 1, but that addi-
tional residues present in Pbx interact specifically with
either Engrailed or Hoxb-7. Which regions of Pbx are
required for cooperative interaction is currently under
investigation. From deletion and mutation analysis, it is
clear that the requirements for Pbxl cooperativity involv-
ing either Hox or Engrailed proteins are not identical. In
summary, these data support a model in which Hox and
Engrailed proteins share an interaction surface on the
Pbxl protein, but additional domains play a role as well.
The data also indicate that the various Hox hexapeptides

have different affinities for Pbx. While the b-7 peptide
destabilizes binding of both Hoxb-7-Pbxl and Hoxc-6-
Pbxl heterodimers at relatively low concentrations, the
c-6 peptide requires at least 5-fold more peptide to achieve
50% inhibition (Figure 5D-G). In addition, the b-7 peptide
increased intrinsic Pbxl DNA binding more as compared

with the Hoxc-6 peptide (Figures 5D-G and 6). We would
like to consider the possibility that the different relative
affinities of the hexapeptides for Pbx 1 may provide speci-
ficity to Hox-Pbxl cooperativity. Different Hox proteins
are expressed in various cell types during embryogenesis
or lymphoid development. It is conceivable that among
different possible combinations of Hox-Pbx complexes
that can be generated certain combinations are favored
based on the affinity of hexapeptide-Pbx interaction.
Taken together with the relative concentrations of Hox
proteins, the affinity of hexapeptide-Pbx interactions may
ultimately decide which Hox-Pbx complexes are active
within one given cell type.

It is intriguing that relatively low concentrations of the
Hox peptides containing the Pbx interaction motif are
sufficient to induce Pbxl binding by itself. We have not
detected specific DNA binding activity of the peptides
by themselves, suggesting that a direct effect through
neighboring DNA binding is unlikely. Hox peptides may
simply induce a conformational change that releases an
intramolecular inhibition of DNA binding by Pbxl. The
question arises whether the peptides are capable of inter-
acting with Pbxl in solution in the absence of DNA.
While these interactions may occur using very high
concentrations of protein, we have not been able to
detect Hox-Pbx interactions in vitro using nanomolar
concentrations of protein. However, it is conceivable that
the dissociation rates for these interactions are too high
to be detected in these assays. Additional experimentation,
for example using fluoresence polarization analysis, will
be needed to address this issue further.
The EH2 domain is distinct from the hexapeptide

present in Hox proteins with respect to the amount of
conserved residues. However, there are some similarities.
First, both contain conserved tryptophan residues that are
required for cooperative DNA binding with Pbx. Second,
the length of the lin-ker region separating the Pbx inter-
action motif from the homeodomain in both Hox and
Engrailed proteins is important for cooperativity. Third,
both the Pbx interaction motifs of Hox and Engrailed
cannot be grafted onto a heterologous DNA binding
domain (Neuteboom et al., 1995; Peers et al., 1995; our
unpublished data). This indicates that the N-terminal
flanking regions and homeodomains are not interchange-
able, consistent with the idea that the Pbx interaction
domains in Hox and Engrailed proteins have evolved with
their associated homeodomains.

Thus, Hox and Engrailed proteins each use a peptide
located in close proximity to the homeodomain, allowing
cooperative DNA binding to occur. Structural studies of
the Antennapedia homeodomain protein have indicated
that the region containing the hexapeptide and the linker
does not form an ordered structure (Qian et al., 1992;
Billeter et al., 1993). We have used circular dichroism
spectroscopy to determine the structure of the Hoxb-7
peptide containing the Pbx interaction motif. The data
show that the Hoxb-7 hexapeptide region is similarly
unstructured in the absence of Pbxl (our unpublished
data). It will now be interesting to determine whether the
Pbx interaction motifs in Hox and Engrailed proteins will
adopt a structural change upon interaction with Pbxl.
Such a structural change has been described for a domain
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that allows two yeast homeodomain proteins, MATal and
MATa2, to bind cooperatively to DNA (Li et al., 1995).

There is a strong parallel between the interactions
involving selector gene products and Pbx, and the two
yeast homeodomain proteins al and a2 (Johnson, 1992).
ca2 interacts with two proteins, al and MCM1, using
flexible unstructured peptides that are located either C- or
N-terminal of the homeodomain (Vershon and Johnson,
1993; Stark and Johnson, 1994). Similarly, flexible unstruc-
tured peptides present N-terminal of the Hox and Engrailed
homeodomains interact with exd and Pbx. Thus, exd and
Pbx have evolved as factors capable of interacting with
distinct peptides present in homeodomain-containing
proteins. It may very well be that the presence of peptides
flanking the homeodomain in selector proteins is an
ancient feature of homeodomain proteins, allowing them
to modulate the DNA binding affinity and specificity of
their partners.

Materials and methods
Plasmids
All constructs for in vitro transcription-translation were derivatives of
the vector pSP64 (Promega, Madison, WI), the modified forms pSP64-
ATG (van Dijk and Murre, 1994) or its derivative containing three out-
of-frame stop codons, pSS (Neuteboom et al., 1995). To make the
murine En-2 deletion constructs, PCR fragments spanning EH2-4 or
EH4 itself were cloned into the EcoRV site of pSS. The En-2 mutant
forms W »>K, W4>>K and WW>>KK were generated by two-step PCR
of pSP64/En-2, containing the full-length En-2 coding sequence (van
Dijk et al., 1995) with primers bearing the mutation. The Drosophila en
coding sequence was mutated by two-step PCR of pSP64-ATG/en, that
contains the entire coding region of the engrailed gene (van Dijk and
Murre, 1994). The En-2 del 6, del 11 and plus 10 constructs were all
derived from pSS/EH2-4 by using two-step PCR with oligonucleotides
overlapping the desired junctions (see Figure 4A). To equip the Pbx
coding regions with an N-terminal Flag tag, the oligonucleotide 5'-
AAGCTTCAGCATGGACTACAAGGACGACGATGACAAGGGATC-
CATGG-3' was ligated in the HindlIl and NcoI sites of pSP64-ATG,
resulting in pSP64Flag. Subsequently, complete coding regions of Pbxl,
Pbx2 and Pbx3 were cloned in-frame with the underlined Flag start
codon. The untagged Pbxl translation construct was a modified form of
pSP65-Pbxl, having the 5' end of the pSP64-ATG polylinker and its
start codon modified to an NcoI site. The exd product was translated from
pSP64-ATG/exd (van Dijk and Murre, 1994). The Hoxb-7 translation
construct was described in van Dijk et al. (1995). The Hoxc-6 full-
length coding region was amplified from a cDNA obtained from
E.Boncinelli (Magli et al., 1991) and cloned in pSP64Flag. The integrity
of all cloned amplification products was verified by DNA sequencing.

In vitro translation and electrophoretic mobility shift assays
(EMSA)
All proteins used in these experiments were generated using the Promega
SP6 TNT rabbit reticulocyte lysate-coupled transcription-translation
system according to the manufacturer's protocol (Promega, Madison,
WI). EMSAs were done as described (van Dijk and Murre, 1994). One
to 2 ,tl of each reticulocyte lysate-translated protein, to a maximum of
4 ,ul total, was used per reaction. All reactions were performed at room
temperature and adjusted to contain equal amounts of reticulocyte lysate.
Thirty minute incubations with 1 p1 of the anti-Flag antibody (Eastman
Kodak, New Haven, CT) were done after pre-incubation of translated
proteins with DNA probe for 30 min. The 32P end-labeled DNA
probes used were 5'-GTCAATTAAATGATCAATCAATTTCG-3' for
Engrailed-Pbx cooperative binding and 5'-GTCAATTAAATGCGCAT-
CAATCAATTTCG-3', for Hox-Pbx cooperativity.

Peptide synthesis and competition
Peptides were synthesized (Chiron Mimotopes, San Diego, CA) and
purified by reverse-phase HPLC. The amino acid sequences are as
follows: En-2 wt, TLGAQPMLWPAWVYCTRYSDRPS; En-2 WW»
KK, TLGAQPMLKPAKVYCTRYSDRPS; Hoxb-7 wt, LAAESNFR-
IYPWMRSSGTDRKRG; Hoxb-7 W-Y, LAAESNFRIYPYMRSSG-

TDRKRG, Hoxc-6, QDQKASIQIYPWMQRMNSHSGVG; Hoxb-3,
TNSTLTKQIFPWMKESRQTSKLK. Peptides were dissolved in water
and the pH was adjusted by the addition of I M HEPES-KOH, pH 7.4.
Concentrations were determined spectrophotometrically (Gill and von
Hippel, 1989) and appropriate dilutions were made in 20 mM HEPES,
pH 7.4/0.1 mg/ml bovine serum albumin. Peptides in concentrations
ranging from 5 to 100 gM and translated proteins were pre-incubated
for at least 5 min before labeled DNA probe was added.
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